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ABSTRACT The alternative low-spin states of Fe31 and Fe21 cytochrome c induced by SDS or AOT/hexane reverse micelles
exhibited the heme group in a less rhombic symmetry and were characterized by electron paramagnetic resonance, UV-visible,
CD, magnetic CD, ﬂuorescence, and Raman resonance. Consistent with the replacement of Met80 by another strong ﬁeld ligand
at the sixth heme iron coordination position, Fe31 ALSScytc exhibited 1-nm Soret band blue shift and e enhancement
accompanied by disappearance of the 695-nm charge transfer band. The Raman resonance, CD, and magnetic CD spectra
of Fe31 and Fe21 ALSScytc exhibited signiﬁcant changes suggestive of alterations in the heme iron microenvironment and
conformation and should not be assigned to unfold because the Trp59 ﬂuorescence remained quenched by the neighboring heme
group. ALSScytc was obtained with His33 and His26 carboxyethoxylated horse cytochrome c and with tuna cytochrome c (His33
replaced by Asn) pointing out Lys79 as the probable heme iron ligand. Fe31 ALSScytc retained the capacity to cleave tert-
butylhydroperoxide and to be reduced by dithiothreitol and diphenylacetaldehyde but not by ascorbate. Compatible with a more
open heme crevice, ALSScytc exhibited a redox potential ;200 mV lower than the wild-type protein (1220 mV) and was more
susceptible to the attack of free radicals.
INTRODUCTION
Cytochrome c is a hemeprotein peripherally located on the
external side of the inner mitochondrial membrane. Cyto-
chrome c is a mobile electron carrier of the respiratory chain
that, in response to speciﬁc signals, can detach from the inner
mitochondrialmembrane and trigger apoptosis in cytosol (1,2).
In the native form, cytochrome c heme iron is hexacoordi-
nated, the ﬁfth and sixth ligands being provided by histidine 18
and methionine 80, respectively. Because the methionine
sulfur is a strong ﬁeld ligand, in the native form, cytochrome c
heme iron is in the low-spin state. However, the heme iron-
sulfur bond can be weakened and broken by either alterations
in the microenvironmental conditions or the presence of an
alternate ligand (3). As expected, changes in the heme iron
sixth ligand affect both cytochrome c structure and function.
Among the microenvironmental changes that are able to
affect the heme iron distal coordination, the interaction with
lipid bilayers has been studied extensively (3–5). Because
they are able to affect the sixth coordination position and
symmetry of the heme iron, negatively charged membranes
strongly inﬂuence cytochrome c oxidase/peroxidase activity
on several substrates, including tert-butylhydroperoxide, di-
phenylacetaldehyde, and methylacetoacetone. The binding
of cytochrome c to phospholipid bilayers encompasses elec-
trostatic and hydrophobic interactions (3,6). In this regard,
Ryto¨maa and Kinnunen (7–9) proposed a model for the in-
teraction between cytochrome c and lipid bilayers that has
been reinforced by subsequent studies. In this model, one
phospholipid chain is accommodated in a hydrophobic
channel present in the cytochrome c structure, in the region of
the heme crevice. The authors proposed that this might be
a common attachment mechanism for peripheral protein/
membrane association. In accordance with this model, a clear
correlation between the nature of the lipid acyl chain and the
spin states of cytochrome c interacting with different types of
lipid membranes was demonstrated. According to the lipid
acyl chain type and the head group charge present in the
bilayer, three spin states of cytochrome c were observed in
different proportions: the native cytochrome c low-spin state
with rhombic symmetry (spin ½, g? ¼ 3.07 and g? ¼ 2.23),
the high-spin state (spin 5/2, g? ¼ 6.0 and g? ¼ 2.0), and a
low-spin state with less rhombic symmetry (spin ½, g1 ¼
2.902, g2 ¼ 2.225, and g3 ¼ 1.510 (3)). The latter cyto-
chrome c species was named alternative low-spin species or
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ALSScytc. The proportion of spin states of cytochrome c
bound to lipid bilayers at pH 7.4 is also dependent on the
lipid/protein ratio, suggesting the existence of two or more
protein sites interacting with the lipids. In this regard, we
demonstrated that in addition to the lipid-interacting site at
pH 7.4 described by Kinnunen and co-workers (site A)
(6,7,10), cytochrome c also exhibits a pH-regulated site en-
compassing histidine 26 and 33 and lysines 22, 25, and 27
(site L) (11). With micelles used as membrane models, the
literature has also mentioned that the association of cyto-
chrome c with SDS micelles leads heme iron to a different
low-spin state, probably to the alternative low-spin state, and
the increase of the surfactant concentration changes the
protein to the high-spin form (12).
The spectroscopic characteristics of both native and high-
spin states of cytochrome c have been very well characterized.
However, to date there is a lack in the literature regarding the
spectroscopic and functional characterization of the cyto-
chrome c low-spin state with less rhombic symmetry, the
ALSScytc. The spectral and functional characterization of
ALSScytc is of great interest because CL, present in the inner
mitochondrial membrane, could induce this spin state in mi-
tochondria (5). In this study, for the ﬁrst time, we describe the
EPR, UV-visible, CD, MCD, ﬂuorescence, and RR spectral
characteristics of the Fe31 and Fe21 ALSScytc as well as the
reactivity of this cytochrome c species.
MATERIALS AND METHODS
Chemical reagents
Reagents used included horse heart cytochrome c, ascorbic acid, DTT,
t-BuOOH, DEPC. and SDS from Sigma Chemical (St. Louis, MO); ethanolic
solution of DPAA and aerosol AOT (Aldrich, Milwaukee, WI); and hexane
(P.A.) (Qeel, Sa˜o Paulo, SP/Brazil). All reagents were of analytical grade.
Preparation of Fe21 cytochrome c solutions
Fe31 cytochrome c was reduced by a 10-fold excess of ascorbic acid. The
reducing agent was removed by the centrifugal ﬁlter device Centricon
(Millipore, Billerica, MA). The ﬁnal concentrated cytochrome c solution was
stored under argon atmosphere to prevent heme iron reoxidation.
SDS-induced ALSScytc solutions
ALSScytc was induced by the addition of 100 mM Fe31 or Fe21 native
cytochrome c to 7 mM SDS buffered at pH 8.5 by 200 mM TRIS solution.
The SDS concentration was chosen from a previous titration of the protein
with the surfactant.
AOT/hexane reverse micelle-induced ALSScytc
Cytochrome c-containing AOT/hexane reverse micelles were prepared by
the addition of 1 ml 200 mM TRIS buffer solution, pH 8.5, containing 1 mM
Fe31 or Fe21 cytochrome c in 9 ml 0.2MAOT hexane solution. The mixture
was submitted to vortex stirring for 2 min and allowed to rest for 5 min. After
stirring, the surfactant molecules assemble so that their heads are in contact
with water pools containing cytochrome c and their tails are immersed in
hexane. The AOT/hexane solution and TRIS-buffered aqueous cytochrome c
solution ratio should be 10:1 to form a water pool larger than 1.0 nm (13).
Eletronic absorption measurements
UV-visible spectra were obtained in a photodiode spectrophotometer
(Multispec 1501, Shimadzu Scientiﬁc Instruments, Columbia, MD), using
quartz cuvettes with 1.0- and 0.1-cm optical path and 0.5 nm slit.
EPR measurements
The EPRmeasurements were carried out using an EPR Bruker (Oxford, UK)
system, ELEXSYS E-580 model, equipped with a helium cryostat and
temperature controller under the following conditions: central ﬁeld, 2400 G;
scanning ﬁeld, 4000 G; number of points, 2048; modulation amplitude,
10 mT; gain, 45 dB; temperature, 11 K; time constant, 20.48 ms; convertion
time, 81.92 ms; microwave power, 8 mW. After the addition of cytocrome c
in different media, 120 ml of the mixture was quickly introduced into an EPR
quartz tube, cooled in liquid nitrogen, and transferred to the helium cryostat
and into the EPR cavity to obtain the spectra.
CD and MCD measurements and analysis
The CD and MCD measurements were carried out in a Jasco J-720 spec-
tropolarimeter (Easton, MD) using quartz cuvettes of 0.1-cm optical path;
band width, 1.0 nm; scanning speed, 200 nm/min; response, 0.25 s; accu-
mulations, 8.0. For the MCDmeasurements, the magnetic ﬁeld was 860 mT.
Cytochrome c Fe21 samples were prepared and kept in nitrogen atmosphere
during handling and analysis.
The spectral deconvolutions (see Fig. 8, inset) were obtained by tentative
multiplications of native cytochrome c MCD spectrum by a factor (Faraday
term B), subtraction of obtained Faraday term B for MCD spectrum of
ALSScytc (Faraday term A) followed by addition of both obtained terms to
result in a MCD spectrum that matched the experimental MCD spectrum of
ALSScytc. The best factor obtained to reproduce the experimental MCD
spectrum was 2.3.
RR measurements
The RR measurements were obtained at room temperature with laser exci-
tation from the 406.7-nm line of a Kr1 laser (coherent). The back-scattered
light from a slowly rotating NMR tube was collected and focused into a
computer-controlled double monochromator (Jobin Yvon U 1000 instru-
ment, Edison, NJ) equipped with a cooled photomultiplier (RCA C31034A-
02) and photon-counting electronics. RR spectra were calibrated to 2.0 cm1
accuracy for intense isolated bands with indene as the standard for the high-
frequency region and with indene and CCl4 for the low-frequency region.
The other parameters were 50 mW power, time adjusted to 1.0 s, and ranged
from 200 to 1800 Rcm1.
Carboxyethoxylation of cytochrome c by DEPC
Samples of 100 mM cytochrome c in 10 mM acetate buffer, pH 6.5, were
made to react with 15-fold molar excess DEPC at room temperature for
1 min. The samples were dialyzed for 2 h before being subjected to MALDI-
TOF mass spectrometer analysis.
MALDI-TOF mass spectrometry
All linear, reﬂectron (not shown), and postsource decay (not shown) spectra
were acquired on an Ettan MALDI-TOF Pro mass spectrometer (GE
Healthcare, Chalfont St. Giles, Buckinghamshire, United Kingdom) that can
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operate in linear mode or in reﬂectron mode using a harmonic reﬂectron that
increases resolution and sharpens time focusing. The accelerating voltage
was set at 20 kV. The samples were mixed with an equal volume of a sat-
urated solution (5 mg/ml) of 3,5-dimethoxy-4-hydroxycinnamin acid in 50%
acetonitrile and 0.5% triﬂuoroacetic acid, and 0.5 ml of the mixture was
loaded onto the stainless steel MALDI slides for analysis.
Fluorescence spectra measurements
Tryptophan ﬂuorescence measurements were carried out in a Fluorescence
Spectrophotometer F-2500 (Hitachi, Singapore) at room temperature using
excitation at 292 nm; slit, 10.0 nm; scan range, 300 to 400 nm.
Cyclic voltammetry measurements
SAM-modiﬁed gold electrodes were prepared using gold-coated glass slides
purchased from EMF (Ithaca, NY). The slides were cleaned by immersion in
HNO3 for 2 h, then rinsed copiously with water and dried with argon. The
clean gold slides were then incubated with a 10 mM aqueous solution of
cystamine dihydrochloride (Aldrich) for 24 h at room temperature, then
rinsed with water and dried with an argon ﬂow. Cyclic voltammetry was
performed with an AUTOLAB (Herisau, Switzerland) PGSTAT30 po-
tentiostat. All measurements were carried out at 206 2C in a three-electrode
cell consisting of the SAM-modiﬁed gold slide as the working electrode (A¼
0.25 cm2), a platinum auxiliary electrode, and an Ag/AgCl reference elec-
trode in 3 M KCl solution. All solutions were purged with argon for 5 min
before measurement to remove dissolved oxygen. The measurements in the
presence and in the absence of SDS were taken with [cyt c] ¼ 1 mM, using
200 mM TRIS buffer (pH¼ 8.0) as the support electrolyte. Voltammograms
were recorded at a scan rate of 100 mV/s.
RESULTS AND DISCUSSION
EPR spectra of the ALSScytc Fe31 induced by
aqueous and reverse micelles
Fig. 1 shows the EPR spectrum of native low-spin-state cy-
tochrome c with rhombic symmetry (spin ½, g1 ¼ 3.07, and
g2¼ 2.23) obtained in 200 mM TRIS buffer, pH 8.5 (line a).
In TRIS-buffered AOT/hexane reverse micelles (line b) and
SDS aqueous micelles (line c), cytochrome c was converted
to the alternative low-spin form (spin ½, g1 ¼ 2.902, g2 ¼
2.225, and g3¼ 1.510). Partial conversion of cytochrome c to
the alternative low-spin form had been previously observed
in the presence of cardiolipin and DCP vesicles (3,5).
Characteristics of UV-visible, CD, and MCD
spectra of Fe31 ALSScytc induced by
AOT/hexane reverse micelles
Because AOT/hexane reversed micelles and aqueous SDS
micelles are able to convert native cytochrome c to the al-
ternative low-spin species, these conditions were used to
determine the UV-visible, CD, and MCD spectral charac-
teristics of ALSScytc. Fig. 2 A shows the changes in the
electronic absorption spectrum (260–760 nm) of Fe31 cyto-
chrome c induced by 7 mM SDS. In this condition, cyto-
chrome c exhibits spectral characteristics attributed to the
alternative low-spin form, i.e., 1 nm Soret band blue shift and
e enhancement accompanied by disappearance of the 695-nm
charge transfer band. Fig. 2 B shows changes in cytochrome c
Soret band lmax promoted by increasing SDS concentrations.
In 200 mM TRIS buffer, pH 8.5, ALSScytc spectral features
were observed at a SDS concentration range from 1 to 7 mM.
With increasing SDS concentration, progressive Soret band
blue shift was observed up to the minimal value of 399 nm,
observed above 20mM surfactant and assigned to conversion
of native cytochrome c to the high-spin form (UV-visible
spectrum not shown). At 200 mM ionic strength, 1 mM SDS
was above the critical micellar concentration, and the effect
of different SDS concentrations can be rationalized by the
model described below. At micelle/cytochrome c ratios #1,
cytochrome c molecules interact with SDS micelles in such
a way that only one face of a cytochrome cmolecule contacts
a micelle. At micelle/cytochrome c ratios $3, cytochrome c
surface should be partially covered by SDS micelles, leading
to more drastic structural alterations. This model is sketched
in Fig. 2 B, in which cytochrome c is represented by large
gray spheres, SDS micelles by small gray spheres, and the
ﬂattening of the large gray sphere represents cytochrome c
structural changes. Fig. 2 C shows the electronic absorption
spectrum of AOT/hexane reverse micelle-induced Fe31
ALSScytc. The similarity of the reverse micelle-induced
ALSScytc electronic absorption spectrum to that observed
for the same species obtained in SDS micelles is evident. The
spectral characteristics are summarized in Table 1.
At the 260- to 300-nm region of the electronic absorption
spectrum carried out in TRIS buffer and in AOT/hexane re-
verse micelles, a band peaking at 280 nm that could be as-
signed to the aromatic residues (tyrosine and tryptophan) of
the protein can be observed. The same maximal l and molar
extinction coefﬁcient (e ¼ 0.26 3 105 M1cm1) for the
280-nm band was observed for the native and the alternative
low-spin forms of cytochrome c. This result suggests that the
conditions responsible for the changes in the heme iron
FIGURE 1 EPR spectra of 100 mM low-spin state cytochrome c Fe31
with rhombic symmetry (native form) in 200 mM TRIS buffer, pH 8.5 (line
a) and 100 mM low-spin-state cytochrome c Fe31 with less rhombic sym-
metry (ALSScytc) induced by 0.2 M AOT/hexane reverse micelles (line b)
and by 7.0 mM SDS aqueous micelles (line c). Reverse and aqueous
micelles were buffered with 200 mM TRIS buffer, pH 8.5.
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symmetry did not induce signiﬁcant alterations in the protein
tertiary structure. However, conversion of native cytochrome
c to the alternative low-spin form led to a hypsochromic shift
(362 to 352 nm) and a slight decrease in the e value (0.3473
105 M1cm1 to 0.318 3 105 M1cm1) of the N-band.
This result can be assigned to changes in the heme iron sphere
coordination. The ALSScytc also exhibits signiﬁcant differ-
ences in the Soret band. In the alternative low-spin form,
Soret band e enhanced from 1.253 105 M1cm1 to 1.523
105 M1cm1, and Soret band lmax shifted from 409 to
408 nm. These results are also in accordance with changes
in the heme iron sphere coordination that result from the
weakening of the bond between Met80 and the heme iron.
Conversion of cytochrome c to the alternative low-spin form
did not produce signiﬁcant changes in Q band lmax and e
values (Table 1).
Conversion of native cytochrome c to the alternative low-
spin form produces the disappearance of the charge transfer
band (695 nm) assigned to the absence of Met80 at the sixth
coordination position of heme iron (14). However, in the
alternative low-spin state, cytochrome c heme iron should
remain hexacoordinated because the complete disruption of
this coordination, for example at pH below 3.0 (not shown) or
in the presence of high SDS concentrations (Fig. 2 B), pro-
motes a more intense hypsochromic effect leading the Soret
to peak at 399 nm (3). The comparison of Fig. 2 A with Fig.
2 B shows that both AOT/hexane reverse micelles and SDS
produce identical changes in the cytochrome c electronic
absorption spectra. However, in the presence of SDS aqueous
micelles, the charge transfer band was not completely abol-
ished. This result could be attributed to the partition of cy-
tochrome c between micelle surface and bulk water, an event
that is not expected in the presence of reverse micelles be-
cause of space hindrance. This hypothesis is corroborated by
the Soret band extinction molar coefﬁcient (e), which is
slightly higher in the presence of AOT/hexane reverse mi-
celles (1.075-fold) than in the presence of SDS micelles.
Striking changes were observed in cytochrome c CD
spectra after heme iron conversion to the alternative low-spin
form (Fig. 3).
CD spectral features of native and alternative low-spin
states of Fe31 cytochrome c are detailed in Table 2. In the
region of N band, the CD spectrum of Fe31 cytochrome c
exhibits two negative bands (peaks at 330 and 374 nm) that
are blue-shifted in the spectrum of the alternative low-spin
form (peaks at 326 and 347 nm). This result, as well as the
corresponding electronic absorption spectra (Fig. 2 A), sug-
gests changes in the sixth ligand of the heme iron (15).
The native Fe31 cytochrome c CD spectrum (Fig. 3, thin
solid line) exhibits a Cotton effect (two CD bands of opposite
FIGURE 2 (A) Electronic absorption spectrum of 100 mM native Fe31
cytochrome c in 200 mM TRIS buffer, pH 8.5 (thin solid line), and 100 mM
Fe31 ALSScytc induced by 7.0 mM SDS (thick solid line). (B) Blue shift
of Soret band lmax as a function of SDS concentration and sketch of
cytochrome c interaction with SDS micelles in the concentration range
indicated by the arrow. In the sketch, cytochrome c is represented by large
gray spheres and SDS micelles by small gray spheres. (C) Electronic
absorption spectrum of 100 mM Fe31 native cytochrome c in 200 mM TRIS
buffer, pH 8.5 (thin solid line) and 100 mM Fe31 ALSScytc induced by
0.2 M AOT/hexane reverse micelles (thick solid lines).
TABLE 1 Electronic absorption spectral features of Fe31
cytochrome c in the native and alternative low-spin forms
Fe31 native cytc Fe31 ALSScytc
Electronic
absorption bands lmax (nm) e (M
1cm1) lmax (nm) e (M
1cm1)
N 362 0.35 3 105 352 0.32 3 105
Soret 409 1.2 3 105 408 1.5 3 105
Q 529 1.3 3 104 530 1.2 3 104
CT 695 1.8 3 103 – –
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sign that are split slightly in energy) in the Soret band with the
zero crossing located close to the electronic absorption
maximum. The Cotton effect disappeared in the presence of
AOT/hexane reverse micelles (Fig. 3, thick solid line) be-
cause only a broader positive band peaking at 406 nm (De ¼
32.27 M1cm1) could be observed in this condition. The
weak spectral features in the region between the Soret and Q
bands (450–520) have been assigned to charge transfer
transitions between the porphyrin and heme iron and are thus
sensitive to changes in the axial ligands (16,17). CD visible
bands of Fe31 ALSScytc are also blue-shifted relative to the
native form (Fig. 2 and Table 2). Fe31ALSScytc exhibits the
weak 496- and 540-nm bands blue-shifted to 488 and 530 nm,
respectively.
The signiﬁcant changes in the cytochrome c CD spectrum
after the conversion of the heme iron to the alternative low-
spin state are suggestive of alterations in the heme iron mi-
croenvironment and conformation (16). Particularly, the
negative band around 420 nm has been related to the presence
of Met80 at the sixth coordination position of the cytochrome
c heme iron (17). Thus, CD results obtained for the cyto-
chrome c alternative low-spin state are in accordance with the
loss of the charge transfer band observed in the correspond-
ing electronic absorption spectrum. Similar features were
observed in CD spectrum of Fe31 cytochrome c in the al-
ternative low-spin form obtained by the association with SDS
micelles (not shown).
MCD spectra of native and alternative low-spin states of
Fe31cytochrome c are shown in Fig. 4, A and B (thin and
thick solid lines, respectively), and the peaks and zero
crossings are detailed in Table 3. Both native and alternative
low-spin forms of Fe31 cytochrome c exhibit symmetrical
‘‘S’’-shaped bands in the Soret region with the zero crossing
matched closely with the electronic absorption maximum.
The ‘‘S’’-shaped MCD Soret band arises from the contri-
bution of the Faraday A term. The similarity between the
spectra of cytochrome c in the native and alternative low-spin
form was expected because MCD is particularly sensitive to
the spin state of the heme iron. Literature data have shown
that the MCD bands at the Soret region are temperature de-
pendent and are composed of C terms arising from the cou-
pling of the degenerate spin states of paramagnetic, low-spin
(spin ½) iron III with the porphyrin pp* transitions (18).
AOT/hexane reversed micelles promoted blue shift and De
FIGURE 3 CD spectra of 100 mM cytochrome c Fe31 native form in
200 mM TRIS buffer, pH 8.5 (thin solid line), and 100 mM cytochrome c
Fe31 ALSScytc in 0.2 M AOT/hexane reverse micelles (thick solid line).
TABLE 2 CD spectral features of Fe31 cytochrome c in the
native and alternative low-spin forms
Fe31 native cytc Fe31 ALSScytc
l (nm) De (M1cm1) l (nm) De (M1cm1)
330 8.05 326 8.18
374 9.26 347 6.71
405 11.3 406 32.27
410 0 – –
416 11.6 – –
496 5.92 488 3.70
540 5.82 530 3.89
FIGURE 4 MCD spectra of Fe31 native and alternative low-spin state
cytochrome c. (A) MCD spectra of 100 mM cytochrome c Fe31 native form
in 200 mM TRIS buffer, pH 8.5 (thin solid line), and 100 mM cytochrome c
Fe31ALSScytc in 0.2 M AOT/hexane reverse micelles (thick solid line). (B)
MCD spectra of 100 mM cytochrome c Fe31 native form in 200 mM TRIS
buffer, pH 8.5 (thin solid line), and 100 mM Fe31ALSScytc in 7.0 mM SDS
buffered by 5.0 mM phosphate, pH 7.4 (thick solid line).
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enhancement of the positive and negative maximal l in the
Soret region as well as the 2-nm blue shift of the zero crossing
(Fig. 4 A).
The AOT/hexane-induced conversion of native Fe31 cy-
tochrome c to the alternative low-spin form also promoted
changes in the near-UV, Soret, and Q bands (Fig. 4 A and
Table 3). As shown before, the UV-visible (Fig. 2 B) and CD
(not shown) spectral characteristics of Fe31 cytochrome c
alternative low-spin state obtained in SDS micelles revealed
subtle differences relative to the spectra obtained in AOT/
hexane. In particular, the reminiscent charge transfer band
detectable in SDS micelles suggested that this medium al-
lows the permanence of a small amount of cytochrome cwith
Met80 at the sixth coordination position of the heme iron.
This proposition was strongly reinforced by the results of
MCD. Particularly for the negative component of the MCD
band at the Soret region related to the presence ofMet80 at the
sixth coordination position, the degree of blue shift and De
enhancement were signiﬁcantly lower (Fig. 4 B and Table 3).
The contribution of the different microenvironments for the
spectral differences should also be considered.
The results described above suggest that Fe31 cytochrome
c in the alternative low-spin state exhibits Met80 replaced by
another strong ﬁeld ligand of the heme iron, probably Lys79.
The RR spectrum of heme proteins has been used to provide
useful information on the porphyrin structure (19–21). In this
regard, the Raman spectrum of native cytochrome c has been
completely assigned. Das et al. (22) compared the Raman
spectrum of cytochrome c associated with SDS to that of
native cytochrome c in the high- and low-frequency regions
of the spectrum. The authors estimated by a deconvolution
procedure that, at pH 7.4,;95% of cytochrome c molecules
were bound to SDS micelles. Similarly to our study, the ex-
perimental conditions used by Das et al. (22) resulted in a
cytochrome c/SDS micelles ratio ;1. In fact, we obtained
similar spectral changes in the high- and low-frequency re-
gions of the spectrum of Fe31 cytochrome c in the alternative
low-spin state. Fig. 5 A compares Soret band RR spectra in the
region of the high-frequency porphyrin skeletal modes for
Fe31 native cytochrome c (line a), SDS-induced Fe31 cyto-
chrome c alternative low-spin form (line b), and SDS-induced
Fe31 cytochrome c high-spin form (line c). The labeling of the
bands shown in Fig. 5 A obeyed the standard mode numbering
of octaethylporphyrin and protoheme (23). The skeletal modes
n10, n2, and n3 are well-characterized markers of porphyrin
core size and therefore spin state. The alkaline transition of
Fe31 native cytochrome c in which Met80 is replaced by Lys79
relieves the steric interactions of the thioether ligand with the
porphyrin that slightly expand the core size. This phenomenon
is responsible for the 2–4 cm1 upshift of the core size marker
bands (23). In the case of the SDS-induced ALSScytc (line b),
n10, n2, and n3 are all 4 cm
1 upshifted relative to the native
form (line a) and in accordance with the replacement of Met80
by Lys79. Except for the replacement of Met80 by Lys79, it is
not expected that other structural similarities could be shared
by both ALSScytc and alkaline cytochrome c. As sketched in
Fig. 2 B, ALSScytc should result from the interaction of the
TABLE 3 MCD spectral features of Fe31 cytochrome c in the
native and alternative low-spin forms
Fe31 native cytc Fe31 ALSScytc*
l (nm) De/H (M1cm1T1) l (nm) De/H (M1cm1 T1)
322 –3.02 319 (317) –5.97 (–5.60)
362 –6.34 356 (353) –7.67 (–9.88)
401 88.85 400 (401) 152.30 (135.34)
408 0 406 (407) 0
415 –100.51 411 (413) –151.45 (–101.75)
– – 546 (548) 33.04 (12.62)
549 10.445 550 (560) 0
557 11.01 558y –5.88y
570 –1.61 568 (570) –1.76 (–0.06)
*The values in parentheses were obtained in SDS micelles.
yBand absent in SDS micelles.
FIGURE 5 RR spectra of native cytochrome c, ALSScytc, and high-spin-
state cytochrome c. (A) High-frequency region. (B) Low-frequency region.
For both panels A and B, RR spectra of 100 mM cytochrome c Fe31 native
form in 200 mMTRIS buffer, pH 8.5 (line a), of 100 mM cytochrome c Fe31
ALSScytc induced by 7.0 mM SDS (line b) and 100 mM cytochrome c Fe31
high-spin form, induced by 20.0 mM SDS (line c).
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protein with a unique SDS micelle at a speciﬁc site leading to
structural changes that include the replacement of the heme
iron sixth ligand. In this condition, a large extension of protein
surface should remain in contact with bulk medium and with
the majority of lysine residues protonated. Furthermore, the
negatively charged SDS interface is expected to be more acid
than the bulk medium and could not create an alkaline mi-
croenvironment. The n4 band that is a marker of the oxidation
state of the porphyrin and only slightly dependent on the core
size was 2 cm1 upshifted in the RR spectrum of Fe31
ALSScytc (line b). For the RR spectrum of SDS-induced high-
spin Fe31 cytochrome c, the region of core size marker bands
(line c) is noisy and exhibits low-intensity bands, suggesting
the presence of reminiscent amounts of cytochrome c in the
alternative low-spin form.
Fig. 5 B compares low-frequency spectra of Fe31 native
cytochrome c (line a), SDS-induced Fe31 ALSScytc (line b),
and SDS-induced Fe31 cytochrome c high-spin state (line c).
The downshift to 690 cm1 observed for the 702 cm1 band,
assigned to CS stretching, for the SDS-induced high- and
low-spin forms (lines c and b, respectively) reinforces that
heme distortion is partially relaxed by the association of the
protein with SDS micelles. This assumption is reinforced by
the disappearance of the 398 cm1 band (lines b and c) as-
signed to the bending mode of the sulfur atom of the Cys14
and Cys17 residues, the b-carbon of the heme, and the atom
bridging these atoms.
Although the RR spectrum of Fe31 ALSScytc indicated
that the surfactant promoted signiﬁcant changes in the protein
tertiary structure, these changes should not be characterized
as unfolding because the ﬂuorescence spectrum of Trp59 was
only slightly enhanced (Supplementary Material, Fig. S1, left
panel) as compared with the intense ﬂuorescence exhibited
by the unfolded corresponding apoprotein (Fig. S1, right
panel). Interestingly, the comparison of the normalized ﬂuo-
rescence bands (not shown) indicated that in the alternative
low-spin form, the Trp59 residue is located in a more hy-
drophobic microenvironment because the ﬂuorescence
spectrum, in this condition, was blue-shifted relative to Trp59
ﬂuorescence of apocytochrome c. This result corroborates
that Fe31 ALSScytc is not unfolded.
Spectral characteristics in UV-visible, CD, and
MCD spectra of the Fe21 ALSScytc induced by
AOT/hexane reverse micelles
The Fe21 ALSScytc was not characterized by EPR because
reduced heme iron is EPR silent. However, EPR experiments
were conducted in this condition to check the stability of the
reduced heme iron in the investigated heterogeneous medium
(not shown). The results obtained revealed that cytochrome c
alternative low spin remains stable in the reduced form only
in AOT/hexane reverse micelles (not shown). Therefore, we
characterized the Fe21 cytochrome c alternative low-spin
form exclusively in AOT/hexane reverse micelles.
Fig. 6 shows the electronic absorption spectra of ascorbate-
reduced Fe21 native cytochrome c (thin solid line) and ascorbate-
reduced Fe21 ALSScytc induced by AOT/hexane reverse
micelles (thick solid line). For native Fe21 cytochrome c, the
spectral features (Fig. 6, thin solid line) agree with previously
published data (24). The electronic absorption spectrum of
Fe21ALSScytc differs from the native form solely by a 1-nm
hypsochromic shift of the Soret band without differences in
the visible region. The presence of the Q bands, a and b, in
the electronic absorption spectrum of Fe21 ALSScytc ob-
tained in AOT/hexane indicates that, in this condition, the
reduced heme iron presents the sixth coordination position
occupied by a strong ﬁeld ligand (Fig. 6, thick solid line). The
high-spin form of Fe21 cytochrome c does not exhibit the Q
bands, a and b, and it has been previously characterized for
the species produced by the heme iron reduction after ex-
posure of cytochrome c to singlet oxygen (25).
At this point it was important to conduct CD and MCD
experiments to characterize the occurrence of signiﬁcant
structural changes in Fe21 ALSScytc.
Fig. 7 shows the CD spectra of Fe21 native cytochrome c
(thin solid line) and Fe21ALSScytc induced by AOT/hexane
reverse micelles (thick solid line). The spectral features are
shown in Table 4. The signiﬁcant differences between the CD
spectra of Fe21 cytochrome c in the native and alternative
low-spin forms suggest changes in the coordination sphere of
the heme iron.
Fig. 8 shows the MCD spectra of Fe21 cytochrome c in the
native and alternative low-spin forms (thin and thick solid
lines, respectively). The inset shows the calculated MCD
spectral contribution for the complex Soret band of the al-
ternative low-spin form. No contribution of the Faraday C
terms to the MCD spectrum of reduced porphyrins is ex-
pected. The extreme and zero crossings are shown in Table 5.
The MCD Soret band of native Fe21 cytochrome c is rela-
tively weak, complex, and does not exhibit a resemblance to
the derivative aspect of the absorption spectrum that is ex-
FIGURE 6 Eletronic absorption spectrum of 100 mM ascorbate-reduced
Fe21 native cytochrome c in 200 mM TRIS buffer, pH 8.5 (thin solid line),
and 100 mM ascorbate-reduced Fe21 cytochrome c in 0.2 M AOT/hexane
reverse micelles (thick solid lines).
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pected for a Faraday A term. By analogy to cytochromes b5
and c3, the complexity of the MCD Soret band suggests the
presence of a Faraday B term overlapping the expected A
term. A complex MCD spectrum at the Soret band region
accompanied the conversion of native Fe21 cytochrome c to
the alternative low-spin form. The MCD Soret band obtained
in this condition suggests a decrease of the Faraday B term
contribution. The inset of Fig. 8 shows possible spectral
contributions by A and B Faraday terms (dashed and dotted
lines, respectively) resulting in the MCD Soret band of Fe21
ALSScytc (thick solid line). In the visible region, both the
native and alternative low-spin forms of cytochrome c exhibit
a relatively intense sigmoidal band with zero crossing at the
Qa absorption band peak (549 nm). In this case, the sigmoidal
feature is also assigned to A terms resulting from the degen-
erate porphyrin electronic excited states. The MCD of the
vibrational b band is weak in comparison with the a band
because of the overlapping A terms. The only change in the
visible region observed in the MCD spectrum of Fe21
ALSScytc is an increase of ;40% in the De of the a and b
bands (Table 5).
The heme iron sixth ligand of Fe31 ALSScytc
At this point it was important to have experimental support to
assign a cytochrome c amino acid residue as the sixth ligand
of the heme iron for the protein in the alternative low-spin
form. From the analysis of cytochrome c structure, Lys79
arose as the most probable ligand that substitutes for Met80
when the protein binds on the surface of SDS micelles or is
entrapped inside AOT/hexane reverse micelles. However,
literature data have also assigned His33 and His26 as the
probable sixth heme iron ligand when cytochrome c is as-
sociated to SDS micelles (23,26,27). Thus, the chemical
modiﬁcation of His33 and His26 could provide support to the
assignment of the sixth heme iron ligand. In the native struc-
ture of cytochrome c, these histidine residues are superﬁcially
localized and prone to be modiﬁed by DEPC. According to
previous studies in our laboratory, the treatment of cyto-
FIGURE 7 CD spectra of 100 mM cytochrome c Fe21 native form in
200 mM TRIS buffer, pH 8.5 (thin solid line), and 100 mM cytochrome
c Fe21 in 0.2 M AOT/hexane reverse micelles (thick solid line).
TABLE 4 CD spectral features of Fe21 cytochrome c in the
native and alternative low-spin forms
Fe31 native cytc Fe31 ALSScytc
l (nm) De (M1cm1) l (nm) De (M1cm1)
335 –13.50 335 –10.34
405 0 380 0
424 13.66 405.5 19.25
533 5.72 533 2.12
FIGURE 8 MCD spectra of 100 mM cytochrome c Fe21 native form in
200 mM TRIS buffer, pH 8.5 (thin solid line), and 100 mM cytochrome c
Fe21 in 0.2 M AOT/hexane reverse micelles (thick solid lines). (Inset)
Calculated MCD spectral contribution to the MCD Soret band of Fe21
ALSScytc. Dotted line (Faraday B term) corresponds to 2.3-fold Fe21 native
cytochrome c spectrum, and dashed line (Faraday A term) corresponds to
Fe21 ALSScytc MCD spectrum minus dotted line data. Thick solid line
corresponds to dotted line data (2.3-fold Fe21 native cytochrome c spec-
trum) plus dashed line data (Fe21 ALSScytcMCD spectrum minus 2.3-fold
Fe21 native cytochrome c spectrum) and matches with the experimental
Fe21 cytochrome c MCD spectrum.
TABLE 5 MCD spectral features of Fe21 cytochrome c in the
native and alternative low-spin forms
Fe31 native cytc Fe31 ALSScytc
l (nm) De/H (M1cm1T1) l (nm) De/H (M1cm1T1)
335 –23.49 335 –35.48
375 0
402 94.31
404 0 411 0
414 58.71 415 31.60
420 0 420 0
426 –19.78
530 0 530 0
537 30.64 537 57.67
546 228.99 546 356.64
548 0 549 0
551 –224.28 551 –319.67
568 0 568 0
The b-band values were omitted for clarity.
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chrome c with DEPC at a pH ,6.0 allows superﬁcial histi-
dine residues to be the principal target for carbethoxylation
(12). Cytochrome c was treated with DEPC at pH 5.5, dia-
lyzed, and submitted to MALDI-TOF spectral analysis be-
fore and after trypsin digestion to conﬁrm the expected
chemical modiﬁcation. The carbethoxylated cytochrome c
was added to TRIS-buffered pH 8.0 aqueous solution, SDS
micelles, and AOT/hexane reverse micelles. The UV-visible
spectra of carbethoxylated cytochrome c associated with
SDS micelles and AOT/hexane reverse micelles were iden-
tical to those obtained with the native protein in the studied
heterogeneous medium (Fig. S2). EPR spectrum of the
carbethoxylated cytochrome c both in TRIS buffer and as-
sociated with SDSmicelles exhibited the same g values of the
corresponding spectra of nonmodiﬁed cytochrome c (com-
pare Fig. 1, lines a and b, with Fig. 9, lines a and b). This
result pointed out that the ALSScytc should not present a
histidine residue at the sixth coordination position of heme
iron. Furthermore, tuna cytochrome c, in which the His33
residue is replaced by Asp, also exhibited the typical
ALSScytc electronic absorption spectrum when associated
with SDS micelles in 1:1 protein/micelle ratio (not shown)
and exhibited identical reactivity with diphenylacetaldehyde
(Fig. S3) as compared with horse heart cytochrome c (see
below).
Reactivity of ALSScytc induced by aqueous and
reverse micelles
To estimate changes in the reactivity, we determined, by
cyclic voltammetry, the redox potential of ALSScytc (;120
mV versus SHE) that was shifted negatively by 200 mV
relative to the native protein (not shown). This value was
corroborated by the incapacity of ALSScytc to oxidize as-
corbate, whose redox potential is 158 mV (not shown). In
the respiratory chain, as an electron shuttle, cytochrome c
accepts electrons from Complex III at a redox potential of
;1250mV versus SHE and donates electrons to the CuA site
in Complex IV at a redox potential of ;1285 mV versus
SHE. Thus, the lowering of 200 mV in the redox potential
precludes the participation of ALSScytc in the electron
transport between complexes III and IV (28). However,
the biological function of cytochrome c is not restricted to the
respiratory chain. Cytochrome c also participates in the
triggering of cell apoptosis, and this function requires pre-
vious detachment of cytochrome c from the inner mito-
chondrial membrane with unavoidable disruption of electron
shuttling (1,2). Recently, Basova et al. (29) reported that
during apoptosis, CL migrates from the inner leaﬂet to the
outer leaﬂet of the inner membrane and further to the outer
mitochondrial membrane, setting the stage for its facilitated
interaction with cytochrome c. It is postulated that apoptosis-
associated redistribution of CL between the inner and outer
mitochondrial membranes makes CL available for binding
with cytochrome c and leads to a negative shift of its redox
potential with consequent conversion of cytochrome c into a
peroxidase (30). The authors proposed that the negative shift
of the cytochrome c redox potential induced by CL rather
than its physical separation from the mitochondrial com-
plexes is the major mechanism to turn off the electron-
transporting function of cytochrome c in the mitochondrial
respiratory chain. In this regard, in model systems, we have
previously observed (5) that CL was able to induce the
conversion of cytochrome c from native low-spin form to the
alternative low-spin form. Thus, the apoptosis-associated
increase of CL availability in the outer leaﬂet of the inner
mitocondrial membrane could lead to the conversion of cy-
tochrome c to ALSScytc.
Because of the negative shift of the redox potential ex-
hibited by ALSScytc, it was important to probe its reactivity
with peroxides and aldehydes, which are expected products
of lipid membrane oxidation. Literature data have shown that
even native Fe31 cytochrome c exhibits the capacity to cleave
peroxides (4,31) and to oxidize DPAA (32–34), and these
reactions are inﬂuenced by the presence of charged inter-
faces. As previously described (4,31), the reaction of cyto-
chrome c with t-BuOOH leads to Soret band bleaching as
a result of the attack of free radicals (alkoxyl and peroxyl)
on the heme group. In the native form, after addition of
t-BuOOH, cytochrome c Soret band bleaching occurred with
a rate of 0.014 min1 (not shown). In the SDS-induced al-
ternative low-spin form, the rate of Soret band bleaching
increased to 0.085 min1 (not shown), suggesting a more
open heme crevice in this condition that made the heme
group more susceptible to free radical attack. Interesting re-
sults were obtained by comparing the reduction of native and
alternative low-spin-state cytochrome c by DPAA and DTT.
The reduction of Fe31 native cytochrome by equimolar
amounts of both DPAA (not shown) and DTT (Fig. 10 A) led
to well-known changes in the electronic absorption spectrum
(24) compatible with the formation of the Fe21 cytochrome
FIGURE 9 EPR spectra of 100mMcarbethoxylated Fe31 cytochrome c in
200 mM TRIS buffer, pH 8.5 (line a), and associated with 7.0 mM SDS
micelles (line b).
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c in the native low-spin form. As previously described for
ascorbate-reduced cytochrome c (Fig. 6), the addition of SDS
to Fe21 native cytochrome c that was previously reduced by
DPAA or DTT led to the minimal spectral changes that
characterize Fe21 ALSScytc (not shown). However, when
the reducing agent was added to the previously formed Fe31
ALSScytc, the spectral changes were signiﬁcantly different.
Fig. 10 B shows the UV-visible spectra of SDS-induced
ALSScytc in the course of the reaction with DTT. The
spectrum obtained immediately after DTT addition reveals a
3-nm bathochromic shift of the Soret band and e decrease
without signiﬁcant changes in the visible bands (dotted line).
This spectrum suggests change in the heme iron ligand pre-
ceding the electron transfer. Probably because of a more
open heme crevice in ALSScytc, a thiol group of reduced
DTT (here represented as HSDTTSH) approaches the heme
iron, suffers metal-induced acid dissociation to HSDTTS-
and coordinates with the metal. Cytochrome c spectra ob-
tained at subsequent times and indicated by the arrows
revealed changes suggestive of low-spin-form cytochrome
c reduction. However, in these conditions, Fe21 cytochrome
c spectra suggest the presence of a heme iron sixth ligand
different from Met80 or Lys79, probably a deprotonated
thiol group of DTT that remained occupying the heme
crevice. Scheme 1 illustrates the mechanistic proposal for
Fe31 ALSScytc reduction by DTT, where R1 represents
any molecule able to react with -S
d
produced by the oxidative
attack of heme iron. Details about the structure and heme iron
ligands of this cytochrome c species remain to be elucidated.
Data from our laboratory demonstrated that the reduction
of cytochrome c heme iron by DPAA is dependent on the
position and protonation state of two protein tyrosine resi-
dues, probably Tyr67 and Tyr74 (34). The ALSScytc induced
by SDS micelles retained the reactivity with DPAA, cor-
roborating that SDS-bound cytochrome c is not unfolded.
However, the SDS-induced ALSScytc exhibits an electronic
absorption spectrum compatible with Fe21 high-spin-state
cytochrome c because Q band a and b are absent, whereas a
623-nm band is present (25) (Fig. 10 C).
The reduction of native cytochrome c by DPAA probably
involves electron transfer via heme edge without displace-
ment of the heme iron ligands. This process permits the re-
duced protein to be generated in the low-spin state. However,
the ALSScytc, probably because it has a more open heme
crevice, permits DPAA free radical to attack (Schiff base
formation) and displace Lys79, postulated as the sixth ligand
of heme iron. The reduction of ALSScytc was disfavored
in AOT/hexane reverse micelles (not shown). In this condi-
tion, only Soret band bleaching was observed, indicating the
formation of DPAA free radicals from heme iron oxidative
attack. Previously, we demonstrated that HRP- and cyto-
chrome c-promoted DPAA oxidation leads to the formation
of triplet benzophenone and singlet oxygen (32,33,35). Thus,
in this condition, the detection of Fe21 cytochrome c could be
impaired by rapid reoxidation promoted by singlet oxygen.
As previously described (23), this excited species could also
attack the heme group, leading to Soret band bleaching. The
high oxygen availability provided by the hexane phase could
also allow rapid reaction of O2 with DPAA
d
preventing the
FIGURE 10 (A) Electronic absorption spectrum of 100 mM cytochrome c
Fe31 native form in 200 mM TRIS buffer, pH 8.5 (thin solid line), and after
addition of 100 mM DTT (thick solid lines). (B) Time electronic absorption
spectrum of 100 mM Fe31 cytochrome c native form in 200 mMTRIS buffer,
pH 8.5 (thin solid line), and 100 (dashed line), 500, 3000, and 7200 s (thick
solid lines) after addition of 100mMDTT. (C) Electronic absorption spectrum
of 100 mM ALSScytc Fe31 induced by 7.0 mM SDS in 5 mM phosphate
buffer, pH 7.4, and after addition of 100 mM DPAA (thick solid line).
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formation of Lys79 Schiff base and the conversion of the
protein to the high-spin form.
CONCLUSIONS
The results presented above lead to the following conclu-
sions: 1), SDS micelles in equimolar amounts with cyto-
chrome c and AOT/hexane reverse micelles convert both
Fe31 and Fe21 hemeprotein to the alternative low-spin state;
2), Fe31 ALSScytc exhibits the heme iron with a less
rhombic symmetry, probably because of the replacement of
Met80 by Lys79 at the sixth coordination position. This pro-
posal is based on the capacity of both tuna cytochrome c
(His33 replaced by Trp) and His26 and His33 carbethoxylated
horse cytochrome c to be converted to ALSScytc by SDS and
AOT/hexane reverse micelles. For Fe21 ALSScytc, the CD
and MCD spectral changes reﬂect signiﬁcant structural
modiﬁcations that could or could not be accompanied by
replacement of the heme iron sixth ligand; 3), ALSScytc
exhibits structural changes and a more open heme crevice
relative to the native form; however, in these conditions, the
protein is not unfolded because Trp59 remains close to the
heme iron; 4), the reactivity of ALSScytc exhibits peculiar-
ities dictated by the heterogeneous medium, but they are all in
accordance with a more open heme crevice; and 5), the
spectral and functional characterization of ALSScytc is of
great interest because ALSScytc could be found in the inner
mitochondria membrane when CL availability is increased
by apoptotic stimulus.
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